A role for pericytes as microenvironmental regulators of human skin tissue regeneration by Paquet- Fifield, S. et al.
 PUBLISHED VERSION  
 
 
Paquet- Fifield, Sophie; Schlüter, Holger; Li, Amy; Aitken, Tara; Gangatirkar, Pradnya; Blashki, 
Daniel; Koelmeyer, R. L.; Pouliot, Normand; Palatsides, Manuela; Ellis, Sarah; Brouard, Nathalie; 
Zannettino, Andrew Christopher William; Saunders, Nicholas Andrew; Thompson, Natalie; Li, 
Jason; Kaur, Pritinder  
A role for pericytes as microenvironmental regulators of human skin tissue regeneration, Journal 
of Clinical Investigation, 2009; 119(9):2795-2806. 
 



























Personal/nonprofit use and reproduction is allowed under this agreement.  
Authors retain rights to present the work without prior permission in original, revised, 
adapted, or derivative form, provided that all such use is for personal or nonprofit (and 
noncommercial) benefit, is consistent with any employment agreement, and 
references the original publication citation.  
 
Examples: reproduction in nonprofit publications; lecture display (slides, overheads, or 
digitized media); hosting on personal or curriculum vitae-oriented websites; and 
inclusion in institutional and/or funding-body repositories. 
 
 
9th January 2013 
Research article
	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 119      Number 9      September 2009  2795
A role for pericytes as microenvironmental 
regulators of human skin tissue regeneration
Sophie Paquet-Fifield,1 Holger Schlüter,1 Amy Li,1,2 Tara Aitken,2  
Pradnya Gangatirkar,1 Daniel Blashki,1 Rachel Koelmeyer,1 Normand Pouliot,1  
Manuela Palatsides,1 Sarah Ellis,1 Nathalie Brouard,1 Andrew Zannettino,2  
Nick Saunders,3 Natalie Thompson,1 Jason Li,1 and Pritinder Kaur1,2
1Research Division, Peter MacCallum Cancer Centre, St Andrew’s Place, Melbourne, Victoria, Australia.  
2Haematology Division, Institute of Medical and Veterinary Science, Adelaide, South Australia, Australia.  

































































































Identification of dermal pericytes in the microenviron-
ment of human epidermal stem and progenitor cells, using 


























































mAb HD-1 recognizes a subpopulation of pericyte-like dermal cells in close contact with 
the epithelium. (A) In situ immunostaining with mAb HD-1 on 3-μm-thick frozen sections 
of neonatal foreskin. HD-1–positive cells (green, FITC) were detected in the dermis 
underlying basal epithelial keratinocytes. Nuclei are stained red with propidium iodide. 
This image is representative of more than 50 independent samples. Original magni-
fication, ×10. (B) Single color flow cytometric analysis of a typical human dermal cell 
suspension stained with mAb HD-1 (green line) or an isotype-matched control (IgG1, 
red line), illustrating the presence of HD-1dim and HD-1bri fractions. A total of 10,000 
7AAD-negative (i.e., living) cells were analyzed. (C and D) In situ immunostaining of 
frozen sections of human upper dermis costained with mAb HD-1 (green) and the 
endothelial marker vWF (red, C) illustrating that mAb HD-1 recognizes pericytes sur-
rounding the vWF-positive endothelial cells lining the blood vessel. (D) Colocalization 
of the pericyte marker ACTA2, or SMA (red, D), and the HD-1 antigen (green). Nuclei 
are stained blue with DAPI. Original magnification, ×60. (E and F) Cytospins of the 
HD-1dim and HD-1bri fractions of human neonatal foreskin dermal cell isolates collected 
by FACS and stained for the pericyte marker ACTA2. The HD-1bri cells (E) were posi-
tive for ACTA2, in contrast to the HD-1dim cells (F). These pictures are representative of 
3 independent sorting and staining experiments. Original magnification, ×20.
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HD-1bri pericytes are distinct from HD-1dim dermal fibroblasts and are 

















HD-1dim cells and HD-1bri cells display a distinct molecular profile. 
Microarray analyses of neonatal human dermal HD-1bri and HD-1dim pop-
ulations from 4 independent FACS experiments, visualized using Tree-
view software, obtained by displaying a hierarchical cluster with aver-
age linkage analysis of normalized gene expression (>2-fold change, 
adjusted P values less than 0.05). These data illustrate the 2,288 probe 
sets differentially overexpressed (red) or underexpressed (green) in the 
HD-1bri cells compared with the HD-1dim population. The gene expres-
sion patterns are consistent among the 4 replicate experiments.
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Table 1
Differential expression of selected genes overexpressed in the HD-1bri dermal pericyte population
Gene symbol Gene name GenBank accession no. log2 fold Adjusted P value
Cell-surface markers
AOC3 Adhesion protein 1 NM_003734 4.43 2.85 × 10–8
CDH6 Cadherin 6, type 2, K-cadherin AU151483 4.39 2.12 × 10–9
  BC000019 4.39 2.12 × 10–9
  BF344237 2.54 1.46 × 10–7
GJA4 Gap junction protein, alpha 4, 37kDa (connexin 37) M96789 3.50 6.36 × 10–8
  NM_00206 2.90 1.15 × 10–7
ITGA7 Integrin, alpha 7 AF072132 4.17 3.07 × 10–8
  AK022548 3.92 1.12 × 10–8
JAG1 Jagged 1 U61276 2.76 6.76 × 10–8
  U77914 2.14 1.11 × 10–7
  AI457817 2.36 2.03 × 10–6
  U73936 2.04 1.12 × 10–7
MCAM (CD146) Melanoma cell adhesion molecule M29277 4.12 8.73 × 10–9
  AF089868 3.69 904 × 10–9
  BE964361 3.21 1.98 × 10–8
  M28882 3.28 4.60 × 10–9
NOTCH3 Notch homolog 3 NM_000435 3.54 1.36 × 10–8
ITGA1 Integrin alpha 1, Pelota homolog BG619261 3.40 1.48 × 10–7
  X68742 2.63 6.91 × 10–5
  NM_015946 1.61 8.96 × 10–7
  AA156783 3.41 3.19 × 10–7
Secreted factors
A2M Alpha-2-macroglobulin NM_000014 1.82 1.97 × 10–6
ANGPT2 Angiopoietin 2 NM_001147 3.03 1.11 × 10–5
  AA083514 2.72 9.29 × 10–6
  AF187858 2.46 8.50 × 10–6
BMP2 Bone morphogenetic protein 2 NM_001200 1.26 1.19 × 10–5
  AA583044 1.35 1.52 × 10–6
CCL8 Chemokine (C-C motif) ligand 8 AI984980 3.82 2.56 × 10–7
ECRG4 Esophageal cancer related gene 4 protein AF325503 5.04 2.78 × 10–7
FRZB Frizzled-related protein U91903 2.83 1.13 × 10–7
  NM_001463 2.76 2.32 × 10–7
PDGFA Platelet-derived growth factor alpha polypeptide NM_002607 3.59 2.18 × 10–7
  AW205919 3.30 7.45 × 10–8
  X03795 2.97 1.31 × 10–7
ECM proteins
ADAMTS5 ADAM metallopeptidase (aggrecanase-2) AI123555 1.40 1.70 × 10–6
  BF060767 1.40 3.01 × 10–6
  NM_007038 1.28 5.07 × 10–6
COL4A1 Collagen, type IV, alpha 1 NM_001845 2.35 3.41 × 10–6
  AI922605 1.62 1.51 × 10–6
COL4A2 Collagen, type IV, alpha 2 AA909035 2.13 1.61 × 10–6
  X05610 1.66 1.67 × 10–6
LAMA3 Laminin, alpha 3 NM_000227 3.03 4.58 × 10–8
LAMA5 Laminin, alpha 5 BC003355 2.39 2.69 × 10–7
NTN4 Netrin 4 AF278532 1.51 4.62 × 10–5
TNC Tenascin C AI266750 2.20 2.58 × 10–6
Pericyte markers
ACTA2 Actin, smooth muscle aorta AI917901 2.94 5.03 × 10–6
  NM_001613 2.96 2.03 × 10–8
MYH9 Myosin, heavy polypeptide 9, non-muscle AI827941 1.23 3.69 × 10–6
TPM1 Tropomyosin 1 NM_000366 2.73 1.11 × 10–7
  NM_000366 1.70 4.75 × 10–6
  Z24727 2.15 3.22 × 10–7
  M19267 2.33 5.39 × 10–8
TPM2 Tropomyosin 2 NM_003289
RGS5 Regulator of G-protein signaling 5 AF493929 1.29 9.68 × 10–7
  AI183997 5.83 1.52 × 10–8
  AF159570 5.23 4.24 × 10–8
  NM_025226 5.73 1.52 × 10–8
CSPG4/NG2 Chondroitin sulfate proteoglycan 4 NM_001897 1.03 2.07 × 10–6
  BE857703 1.75 3.50 × 10–6
PDGFRB (CD140B) Platelet-derived growth factor receptor NM_002609 1.28 1.22 × 10–6
ENPEP Glutamyl aminopeptidase (aminopeptidase A) L12468 2.77 9.17 × 10–6
  NM_001977 2.83 2.39 × 10–6
CNN1 Calponin 1, basic smooth muscle NM_001299 2.34 3.41 × 10–7
CALD1 Caldesmon 1 AI685060 1.89 1.44 × 10–5
  AL577531 1.83 2.95 × 10–7
  NM_004342 2.20 3.44 × 10–7
  AL583520 1.04 7.15 × 10–6
The table summarizes selected groups of genes that had a log2 fold expression greater than 2 and P value less than 0.05 in the HD-1bri population, chosen for their biological rele-
vance, i.e., cell-surface markers, secreted factors, ECM proteins, and pericyte markers. The pericyte nature of the HD-1bri cells was confirmed by the differential expression of a large 
number of reported pericyte-associated genes, including ACTA2 (also known as SMA), NG2, RGS5, PDGFRB, aminopeptidase A and N, calponin, and caldesmon.
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Pericytes promote the tissue-regenerative ability of differentiating kera-







































































The inclusion of HD-1bri pericytes in the dermal equivalent of OCs reconstituted 
with P7 HFFs stimulates epidermal regeneration capacity of α6dim differentiating 
keratinocytes. Sections of OCs stained with H&E showing reconstituted skin 
tissue from α6bri (stem and TA) keratinocytes (A–C) or α6dim early differentiating 
keratinocytes (D–F) grown on dermal equivalents containing either P7 HFFs 
alone (A and D), P7 HFFs plus 10% HD-1bri cells (B and E), or fresh HFFs 
depleted of HD-1bri cells (C and F). The intrinsically low epidermal tissue-regen-
erative capacity of α6dim keratinocytes is substantially enhanced by coculture with 
dermal equivalents containing HD-1bri cells (E; n = 3), while depletion of HD-1bri 
cells diminishes their tissue-regenerative capacity (F; n = 2). Notably, the α6bri 
stem and TA–containing fraction exhibits excellent tissue regeneration irrespec-
tive of the presence of pericytes (A–C; n = 3). (G–I) Ki67 staining of OCs of α6bri 
(stem and TA) keratinocytes (G) or α6dim early differentiating keratinocytes (H 
and I) grown on dermal equivalents containing either P7 HFFs alone (G and H) 
or P7 HFFs plus 10% HD-1bri cells (I). Note the increase in cellularity and number 
of Ki67-positive cells in the α6dim epithelium upon coculture with the HD-1bri cells 
compared with P7 HFFs alone (I versus H), restoring epithelial regeneration to 
levels comparable to those obtained with the α6bri stem and TA compartment 
(G). Scale bars: 100 μm.
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Human dermal pericytes synthesize and secrete LAMA5 in the skin. (A) Quantification of LAMA5 mRNA expression by RT-PCR in freshly sorted 
epidermal cell populations from human neonatal foreskin. LAMA5 mRNA was highly expressed in unfractionated human foreskin keratinocytes 
(HFK), KSCs, and TA keratinocytes; and downregulated in early differentiating keratinocytes (ED). LAMA5 was undetectable in HFFs. (B) 
LAMA5 mRNA expression by RT-PCR in HD-1bri cells, HD-1dim cells, and HFFs, illustrating overexpression in the HD-1bri pericytes. In A and B, 
data represent results from 3 independent sorting experiments; mean ± SEM is shown. (C–I) Immunogold electron microscopic localization of 
human LAMA5 with mAb 4C7 in skin sections. LAMA5 was detected in the basement membrane between the endothelial cells (En) of blood 
vessels and the surrounding pericytes (P) (C and F); in the basement membrane region between the epidermis (E) and dermis (D) (G); and at 
hemidesmosomes (HD) (I). In addition, immunogold particles were also localized abluminally, i.e., secreted into the dermal space at the periphery 
of pericytes (D). Labeling with isotype-matched negative control mAb 1D4.5 showed the absence of staining in skin sections, as shown for blood 
vessels (E) and the epidermal-dermal junction (H). (D and F) Higher-magnification views of regions indicated in C. Scale bars in C–F: 10 μm; 
G and H: 0.5 μm; I: 0.1 μm.
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the  latter  cells  expressed  known MSC markers,  particularly 
Figure 5
Increased deposition of LAMA5 by α6dim keratinocytes cocultured with 
HD-1bri pericytes in OCs. Immunofluorescence staining for LAMA5 
(mAb 4C7, red) and HD-1 antigen (green) performed on 3-μm frozen 
sections of OCs, showing epithelial sheets regenerated by α6bri (com-
bined stem and TA; A and B) or α6dim early differentiating keratinocytes 
(C and D) seeded on a dermal equivalent containing either P7 HFFs 
alone (A and C) or P7 HFFs plus HD-1bri pericytes (B and D). Nuclei 
were counterstained with DAPI (blue). LAMA5 immunostaining in the 
epidermal-dermal junction was observed in all OCs reconstituted with 
α6bri keratinocytes, irrespective of the presence of pericytes (A and 
B). In contrast, OCs reconstituted with α6dim keratinocytes cocultured 
with HD-1bri pericytes (D) displayed largely increased LAMA5 levels 
compared with controls (C). HD-1 staining revealed the localization 
of pericytes in close proximity to the epidermal cells in OCs, where 
they were added back to the dermal equivalents (B and D). Original 
magnification, ×20.
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5′-TCTGCTCCTCCTGTTCGACAGT-3′,  reverse  primer  sequence, 
5′-ACCAAATCCGTTGACTCCGAC-3′.
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